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Ultra-high performance concrete (UHPC) has the inherent potential to self-sensing capability due to its inclusion of steel fibers or other electrically conductive materials. Many studies have investigated the electrical and piezoresistive properties of UHPC. With the incorporation of micro steel fibers, carbon nanotubes, carbon nanofibrils, or nano graphite platelets, it opens up great potential to allow UHPC to effectively sense stress, strain, and crack damage. Therefore, the UHPC-based structures can achieve the functionality of structure health monitoring (SHM). This article reviews the recent advances in self-sensing capability of various UHPC-based materials with the focus on sensing capability and mechanisms. Future applications and challenges are also discussed.
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INTRODUCTION
Ultra-high performance concrete (UHPC) has gained increasing attention during the last two decades (Schmidt and Fehling, 2005; Batoz and Behloul, 2011; Gowda and Das, 2017; Xue et al., 2020). Up to now, the commercially available UHPC can easily reach 150 MPa or higher in compressive strength and 15 MPa in flexural strength. The superior mechanical properties and durability of UHPC enabled many applications in the field of bridge engineering, building engineering, and military engineering. In addition, many potential functions are enabled due to the unique compositions of UHPC, including electrical and piezoelectric properties such as self-sensing and structural health monitoring (SHM), joule heating (electrified to generate heat), and electromagnetic shielding. This allows designers to specifically tailor desired properties of UHPC structures or components to meet special requirements, as well as to improve safety, reliability, and serviceability of the infrastructures.
Self-sensing capability was first introduced to cementitious composites (Chen and Chung, 1993), by incorporating carbon fiber in concrete for the purpose of non-destructive flow detection. Since then, many concretes with in-situ self-sensing capability was developed and studied for their ability to monitor the stress, strain, cracking, damage, frequency, or deflection. In general, the self-sensing capability was introduced by the addition of electrically conductive functional fillers, such as metal fibers, conductive particles (copper aggregate, nickel or iron powder), and nano carbon materials (carbon nanotubes, carbon nanofibrils, carbon black, graphite platelets, and graphene). There are several literatures providing comprehensive reviews on the self-sensing concrete for SHM (Sun et al., 2010; Han et al., 2011; Han et al., 2015a; Han et al., 2015b; Han et al., 2015c; Dinesh et al., 2021)
UHPC has the inherit self-sensing capability due to its inclusion of metal fibers. In many other cases, electrically conductive nano carbon materials are often added to UHPC mixture to enhance mechanical properties, which also opens up great potential to allow UHPC to effectively sense stress, strain, and crack damage. For a typical UHPC, the compressive strength can reach up to 150–200 MPa, the fracture energy is up to 40,000 J/m2, and the ultimate tensile strain comparable to steel (can be on the order of 1%) which are all magnitude higher than ordinary cement-based composites (Dong et al., 2016). Therefore, UHPC is an ideal material to achieve functionality of SHM due to its high self-sending capability while providing superior strength and durability to the components or structures at the same time. This article reviews the recent advances in self-sensing capability of various UHPC-based composite materials. Future applications and challenges are also discussed.
SELF-SENSING CAPABILITY OF UHPC
In general, for any cementitious composites or concretes that possess self-sensing capability, the sensing properties stem from the change of intrinsic conductive network (from conductive functional fillers or metal fibers). The most commonly measured sensing signals are volume resistance/resistivity. To quantify sensing effectiveness, fractional change in resistance/resistivity (FCR, %) is often used. For instance, stress sensitivity can be quantified as FCR/σ (%/MPa). Higher value usually indicates better sensitivity. A much more detailed review on measurement of sensing signals can be found in literature (Han et al., 2015a). It should be noted that a proper content of functional filler is critical to achieve effective self-sensing capabilities. Too much fillers do not guarantee better performance, because the initial conductive network formed are too stable to respond to the external loads. Therefore, to achieve effective and efficient self-sensing ability in smart UHPC, it is important to select proper functional fillers and their content.
First of all, it should be noted that a well dispersed mixture is critical to achieve a stable and repeatable sensing capability for self-sensing concrete. For metal fibers or particles as the electrically conductive fillers, the strategy is to adjust the fiber content to reach percolation. For self-sensing concrete containing nano carbon materials (NCMs), the dispersion of NCMs is a difficult challenge. A commonly accepted method is to disperse NCMs in polycarboxylate-based superplasticizer by ultrasonication (Han et al., 2011; Shah et al., 2011). However, the dispersion issue is greatly aggravated by the extremely low water to binder ratio of UHPC. Therefore, the effective dispersion of functional fillers should be a premise in achieving stable self-sensing capability in UHPC.
Although many studies on self-sensing and smart concrete have been reported, there have been few investigations focused on self-sensing capability of UHPC only until recently. Dong et al. (2016) reported the first effective self-sensing short-cut super-fine stainless-steel wire reinforced reactive powder concrete (RPC) under external loads. In their previous report, the RPC (with a steel fiber diameter of 8 and 20 μm) achieved 28-day compressive strength between 100 and 130 MPa and tensile strength between 9 and 14 MPa, as well as more than four times more fracture energy comparing to the plain RPC. In addition, the electrical behavior of wire reinforced RPC was studied under three loading conditions: 1) cyclic compressive loading, 2) monotonically loaded until failure in compression, and 3) monotonically loaded until failure in flexure. Then the relationships between stress/strain and FCR were established. The results showed that percolation was achieved when adding 0.5 vol% wire of 20 μm diameter or 1.5 vol% wire of 8 μm, reducing the electrical resistivity up to four orders of magnitude. To reveal the intrinsic conductive mechanism of wire reinforced RPC, the equivalent circuits were proposed and analyzed considering many factors, such as pore solution resistance, charge transfer resistance, inductance, surface capacitance of C-S-H gel, diffusion impedance, resistance of wires, and, interface capacitance of wire-matrix. The equivalent circuits analysis concluded that 1) the conductivity is dominated by cement matrix when wire content was far below percolation threshold, 2) as the wire content increased, the conductivity was determined by both connection of wire and surface capacitance of C-S-H gel, and, 3) when the conductive network was formed (percolation), the conductivity was dominated by wires. Both the experimental results and the equivalent circuits analysis demonstrated that wires of 20 μm diameter were more suitable to be used as the conductive filler for PRC due to better dispersion. In another study from the same research team, Qiu et al. (2021) investigated the mechanical, electrical, and self-sensing properties of UHPC with the incorporation of stainless steel fibers (SFs) and copper coated steel fibers (CCSFs) at the dosage of 0.6 and 1.2 vol%. The UHPC with 1.2 vol% CCSFs demonstrated superior mechanical performance, as well as sensing sensitivity, in cyclic compressive loading and monotonic load up to 125.7 MPa, which is comparable to the previous work using 1.5 vol% wire. Another interesting finding was the equivalent circuits analysis demonstrated that the curing age has greater influence than incorporation of fibers on electrical resistivity, meaning at later age (28 days) cement matrix and pore solution are more dominate than metal fibers in term of conductive mechanism of UHPC.
Although sufficient self-sensing capability was achieved in steel wire reinforced RPC development by Dong et al. (2016), the use of short-cut super-fine stainless-steel wire may have compromised considerably (approximately 50%) in term of flexural strength comparing to traditional steel fibers used in UHPC (Yoo et al., 2016). Inspired by the work by Dong et al. (2015), a research team (You et al., 2017; Lee et al., 2018; Yoo et al., 2018) investigated the electrical and self-sensing capacities of UHPC (containing steel fibers) with carbon nanotubes (CNTs). A high strength straight steel fiber with a diameter of 0.2 mm, a length of 13 mm, and a tensile strength of 2788 MPa, was used at 1 vol%, 2 vol%, and 3 vol%. A multi-walled CNTs were incorporated up to 0.5 vol%. Three loading conditions were studied including 1) monotonically loading until failure in compression, as seen in Figure 1A, 2) monotonically loading until failure in flexure, as seen Figure 1B, and 3) monotonically loading until failure in uniaxial tension, as seen in Figures 1C,E. The research team found that 1) UHPC containing steel fiber was capable to detect ultimate failure, but insufficient in term of piezoresistivity, 2) UHPC (containing no steel fiber) with CNTs exhibited high unintended signal noise in the FCR and high electrical resistance, likely due to poor conductive pathway formation by only CNTs in UHPC, and 3) the scanning electron images (SEM) demonstrated that the CNTs attached to the surface of steel fiber could explain the substantial reduction in electrical resistivity. The experimental results demonstrated a well-established relationship between pre-peak/post-cracking response of UHPC with CNTs and measured FCR, indicating that the UHPC containing steel fiber and CNTs can be used as a self-strain and cracking sensing material under tension and compression. Lee et al. (2018) went further and investigated the effect of different steel fiber types (different diameters, aspect ratio, tensile strength, straight and twisted shape, see Table 1). However, the results showed that the steel fiber types had more effect on mechanical properties but much less significant influence on electrical behaviors of UHPRFC.
[image: Figure 1]FIGURE 1 | Typical loading conditions and measurement of self-sensing capacity of UHPC. (A) compressive loading (You et al., 2017); (B) flexural loading (You et al., 2017); (C) direct tensile loading (Yoo et al., 2018); (D) typical electromechanical response under compression (Kim et al., 2021); (E) tensile stress- and strain-time behaviors of UPFRC with CNTs (Yoo et al., 2018); (F) typical cracking sensing (Jung et al., 2020).
TABLE 1 | Summary of reviewed studies.
[image: Table 1]Another research team (Le et al., 2020; Le et al., 2021a; Le et al., 2021b; Kim et al., 2021) investigated the self-sensing ability of UHPC (containing steel fibers) with conductive aggregates under compression. The ideal was to utilize the tunneling conduction formed by conductive functional fillers (conductive aggregates in this case) to enhance the contact conduction (direct contact of neighboring functional fillers or steel fibers). Tunneling conduction, also sometimes referred as quantum tunneling conduction, happens when the distance between particles/fibers are less than approximately 10 nm. Le et al. (2020) used ball shaped slag steel aggregates (SSAs) with different sizes (0.39, 2, and 5 mm) to replace silica sands in UHPC (containing 2 vol% steel fibers with diameter of 0.2 mm and length of 6 mm). It should be noted that the SSAs used in this study was reported to contain low free-CaO (0.1–0.3 wt%), which could be potentially volumetrically stable in the long-term performance. However, the authors suggested that the effect of corrosion on long-term piezoelectric response should be further investigated. The results showed that the higher electrical conductivity was related to the higher content of SSAs and steel fibers, due to enhanced tunneling effect and contacting conduction within the composites. In addition, the incorporation of SSAs altered the piezoresistive response under compression comparing to the typical response, and finer SSAs demonstrated higher FCR likely due to a more uniform distribution. Le et al. (2021a) further investigated the effect of different functional fillers (including fine SSA, nickel aggregate, copper aggregate, and multi-wall CNT) on self-stress sensing ability of UHPC under compression. The results showed that all fillers can significantly reduce the electrical resistivity of the composites, but the fine SSA was the most economical choice with the highest FCR. Based on previously developed piezoresistive responses models with the consideration of electrical tunneling resistance and electrical contacting resistance, a theoretical calculation of optimum functional fillers content and fiber content was proposed. There results provided insights into the potential application of self-sensing abilities for monitoring the loss of prestressing stress in prestressed UHPC. In later studies, the research team also investigated the effect of loading rate (Kim et al., 2021), temperature, humidities, and age (Le et al., 2021b) on electrical properties of S-UHPC. The results showed that the stress-sensitive coefficient was decreased by 42.8 and 72.7% when increase the loading rate from 1 mm/min (representing static loading) to 4 mm/min and 8 mm/min (mimicking seismic loading), respectively. In terms of environmental temperature, the effect can be accounted for (approximately 2.27% change in electrical resistivity per °C). In addition, there is little effect of relative humidity change from 20 to 80%, and little changed after 21 days of age.
It is quite interesting to mention that a few attempts were made to migrate self-sensing capability of UHPC from laboratory to filed applications. Different from previous mentioned studies, Jung et al. (2020) added CNTs to UHPC to take advantage of the significantly decreased electrical resistivity of UHPC/CNT composites so as to achieve effective electrical curing at low voltage. A multi-wall CNT was added to the UHPC mixture at 1.2 wt% of total binder content, which was close to the calculated percolation threshold. The mechanical preparties tests and SEM results showed that the incorporation of CNTs improved the compressive strength mainly through bridging effect, pore filling effect, and C-S-H hardening effect. More importantly, the electrical resistivity of UHPC/CNT composites was reduced about 100 times comparing to the plain UHPC, which allowed a much more effective and energy efficient electrical curing even at a low voltage between 19 and 23 v. The temperature inside UHPC under low voltage only reached about 38°C during the first 48 h electrical curing period. The presence of CNT significantly increased the curing efficiency, and the UHPC/CNT composites stayed over 90°C during the 48 h curing period and completed the curing process. This enabled the effective electrical curing for filed casting of UHPC. In addition, the FCR measured can be used as an indicator of failure under compression or first cracking under flexure (Figure 1F), which might enable the potential cracking sensing application of UHPC/CNT composites.
Wang et al., deliberately poured fresh UHPC through L-shaped funnel to form UHPC specimen with aligned steel fibers. The UHPC contained up to 1.2% stainless steel fiber. The ultrasonic velocity test and image analysis proved that the L-shape funnel method can effectively distribute and align steel fibers, resulting in better conductivity, compressive strength, flexural strength and toughness.
Kim et al. (2021) designed and fabricated a S-UHPC block (smart concrete block, also known as SCB) integrated with multiple channel wireless sensing system (WSS) to monitor the stress loss and damage of prestressed tendons. The S-UHPC contained fine steel slag aggregates and short steel fiber as the conductive fillers. The design of SCB is based on actual post-tensioned components on bridges to provide excellent mechanical properties, efficient self-sensing capacity, and convenient data acquisition and transfer. The SCB was tested in the laboratory and a finite element analysis was carried out to simulate the stress distribution under different loading conditions. The results showed that the change in electrical resistivity was capable to monitor the loss of pre-stressing stress and detect local damage under eccentric external compression (Figure 1D). Multiple WSSs greatly improved the feasibility of SCB application in real structures.
Table 1 gives a summary of the reviewed studies including the functional fillers used, loading conditions, and major findings. Figure 1 demonstrated the typical loading conditions and sensing measurements of self-sensing UHPC units. Although there are only a handful of studies on self-sensing capabilities of UPHC, all studies showed promising results. With many different tried functional fillers, the current knowledge suggests that the combination of steel fiber and CNTs seems to be the most efficient in terms of sensing capability due to an ideal conductive network formation, and it could be further enhanced with the addition of fine metal aggregates due to tunneling effect.
FUTURE CHALLENGES
Although concrete with self-sensing capability has been around for almost three decades, and there are already reports of self-sensing UHPC applications (Jung et al., 2020; Le et al., 2021a; Kim et al., 2021), the further development and applications still face several critical challenges:
Preperation of self-sensing UHPC. As discussed in this review, self-sensing properties of cementitious composites stem from functional fillers, including metal fibers, CNTs, and metal aggregates. Adding these materials into the UHPC mixture which already has extremely low water to binder ratio requires careful selection of dispersion agents, mixing methods, and consolidation methods to ensure a uniform distribution of the functional fillers. To be able to cast large-scale structure components, a simple, reliable, and environmentally friendly solution is still being sought out.
Long-term environmental effect on electrical properties. As self-sensing UHPC contains metal fiber of metal aggregate, corrosion might affect the self-sensing capability. The stability of long-term electrical properties needs further investigation. In addition, in-situ self-sensing UHPC could potentially affected by the surrounding environment including temperature and relative humidity change, and their long-term effect is unknown.
Self-sensing mechanisms. There are a few self-sensing mechanisms proposed for smart concrete. However, its applicability to UHPC is not completely understood. More research effort is required to reveal the self-sensing mechanisms of UHPC in order to provide insights for designing UHPC with self-sensing capabilities.
Application in large-scale structure components. Although structures made of UHPC are quite frequently seen nowadays, there is few reports on actual UHPC structure components which has functional self-sensing abilities. This technology is still in great need to be transformed from laboratory to engineering applications.
CONCLUDING REMARKS
It has been almost three decades since the self-sensing capability was first introduced to cementitious composites, however, only until recently there are limited number of studies on UHPC with self-sensing capabilities. There capabilities include in-situ monitoring of stress, strain, and, cracking detection under compression, tension, and flexure, mainly through measuring changes in electrical resistivity, introduced by adding conductive functional fillers such as steel fiber, CNT, metal aggregates. This article provides a summary and critical reviews of studies focused on self-sensing capabilities of UHPC composites. Future challenges of this technology are also discussed in the hope of safer, durable, sustainable, and smart infrastructures with extended service life.
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